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Fischer–Tropsch synthesis (FTS) was carried out over precipitated iron-based catalysts activated by syn-
gas (H2 + CO) with different amounts of CO2 (0%, 20%, 33%, and 50%). The activation using CO2-containing
syngas signiﬁcantly suppressed the production of undesired products, CH4 and C2–C4 hydrocarbons, but
facilitated the production of valuable products, C5+ hydrocarbons. In particular, in the case of C19+ hydro-
carbons, the target products of low-temperature FTS (6280 C), both selectivity and productivity showed
a great increase with an increased inlet CO2 content during activation. We attribute the advantageous
performance of the catalysts activated by CO2-containing syngas to the improvement in the effective
performance of active iron carbides, possibly induced by an increased ratio of e0-carbide (Fe2.2C) to
v-carbide (Fe2.5C) and a decreased fraction of inactive bulk carbons.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Fischer–Tropsch synthesis (FTS) is considered one of the most
attractive routes to convert syngas (H2 + CO) derived from coal,
natural gas, and biomass into liquid fuels and chemicals. Several
group VIII metals such as iron, cobalt, nickel, and ruthenium are
known to be active components of the FTS catalysts. Among the
catalysts containing such active metals, iron-based catalysts have
considerable merits, particularly when the FTS is performed with
hydrogen-deﬁcient syngas (H2/CO 6 1.0), due to their potential
activity for a water–gas shift (WGS) reaction as well as their high
activity and low cost [1–4]. In general, the as-prepared FTS cata-
lysts are composed of metal oxides that are inactive in the FTS.
Consequently, the as-prepared FTS catalysts must be subjected to
an appropriate activation pre-treatment to change the as-prepared
catalysts into an active form for the FTS [1,5–10]. Therefore, it is
worth investigating the optimized activation process for the iron-
based FTS catalysts.
Several researchers have investigated the effects of activation
variables on the catalytic performance of iron-based FTS catalysts
[5–10], but most of them failed to draw a clear conclusion because
several oxide and carbide phases form in the iron-based catalysts
during the activation and subsequent reaction process, which isunlike other catalysts that remain in the metallic state during the
reaction. Thus far, mainly the following activation variables have
been investigated for iron-based FTS catalysts: gas type (H2, CO,
and H2 + CO), pressure, temperature, and gas ﬂow rate. In general,
CO activation, lower pressure, and optimum temperature and gas
ﬂow rate have been shown to favor higher catalytic performance
[5–10]. However, several controversies remain to be clariﬁed,
probably due to the difference in the catalyst formulation and reac-
tion condition/system depending on the researchers and research
groups.
CO2 in the feed stream is an inﬂuential and important process
variable in FTS, in particular when the FTS is used in conjunction
with a coal gasiﬁcation process because the CO2 generation inevi-
tably accompanies the production of syngas via coal gasiﬁcation.
Thus, numerous studies have investigated the effects of CO2 on
the catalytic performance of iron-based FTS catalysts [11–16]. In
general, the CO2 in the feed stream has been reported to be an inert
gas or a mild inhibitor in the FTS over iron-based catalysts. In our
previous study [16], we also reported that the CO2 in the feed
stream negatively inﬂuences the performance of iron-based FTS
catalysts due to the partial competition in the adsorption behavior
between CO and CO2. Considering the appreciable inﬂuence of CO2
on the catalytic performance, we can infer that the CO2 can consid-
erably inﬂuence the activation process of iron-based FTS catalysts.
However, surprisingly, almost no study has reported the effects of
CO2 on the activation behavior of iron-based FTS catalysts.
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catalysts by a precipitation technique, activated the as-prepared
catalysts using syngas with different amounts of CO2 (0%, 20%,
33%, and 50%), and investigated the effects of CO2 during the syngas
activation on the catalytic properties. We particularly focused our
attention on the effects of CO2 on the reduction and carburization
behavior of the catalysts during the activation pre-treatment and
the enhanced performance of the catalysts activated by CO2-con-
taining syngas compared with the catalysts activated by CO2-free
syngas.2. Experimental
2.1. Preparation of catalysts
The iron-based FTS catalysts were prepared through a combina-
tion of a co-precipitation technique and a spray-drying method.
Brieﬂy, a Na2CO3 solution was added to a solution containing both
Fe(NO3)3 and Cu(NO3)2 in the desired ratio at 80 ± 1 C until the pH
reached 8.0 ± 0.1. The precipitate slurry was ﬁltered, washed with
distilled water, and subsequently re-slurried in distilled water.
After completing the washing process, the required amount of
K2CO3 solution and colloidal suspension of SiO2 were added to
the precipitate slurry, and the ﬁnal mixture was spray-dried (inlet:
200 C; outlet: 95 C). Then, the spray-dried sample was calcined at
400 C for 8 h. The calcined catalysts were pressed into pellets and
then crushed and sieved to obtain 300–600 lm particles for a test
in a ﬁxed-bed reactor.2.2. Characterization of as-prepared catalysts
The chemical composition of the as-prepared catalysts was ana-
lyzed by X-ray ﬂuorescence spectroscopy (XRF) using a Rigaku
model ZSX Primus II. The Brunauer–Emmett–Teller (BET) surface
area, the single point pore volume, and the average pore diameter
of the as-prepared catalysts were analyzed by means of N2 physi-
sorption using a Micrometrics model Tristar II 3020. The crystal
structure of the as-prepared catalysts was characterized by X-ray
diffraction (XRD) with a Rigaku DMAX-2500 using a Cu Ka source.
The quantitative analysis on the phase structure was carried out by
Mössbauer spectroscopy using a 50 mCi 57Co source in a rhodium
matrix. The spectrometer was operated in the constant accelera-
tion mode, and the spectra were recorded at 268.8 C (=4.2 K)
with a ﬁxed absorber and a moving source. The spectra were
deconvoluted based on the value of magnetic hyperﬁne ﬁeld
(Hhf), isomer shift (d), and quadruple splitting (EQ) for each iron-
based species. The value of Hhf was calibrated using metallic iron
(a-Fe) foils.
The inﬂuence of CO2 on the reduction and carburization
behavior of the catalysts was analyzed by means of tempera-
ture-programmed reduction using H2 (H2-TPR) or CO (CO-TPR)
as a reducing agent. Two different carrier gases were used for
each reducing agent: 5%H2/Ar and 5%H2/5%CO2/Ar for the
H2-TPR and 5%CO/He and 5%CO/5%CO2/He for the CO-TPR. The
TPR was performed at up to 800 C at a heating rate of 6 C/
min, and the temperature was then held at the maximum
temperature for 60 min. During the H2-TPR process, the amount
of H2 or CO2 consumption was analyzed with a quadruple mass
spectrometer (MS) with a capillary inlet system. For the CO-TPR,
the amount of CO consumption was measured by a thermal con-
ductivity detector (TCD). Ascarite (223921, Aldrich) was used as
a CO2 removal trap to measure the true CO consumption proﬁles
without considering the inﬂuence of CO2 produced during the
CO-TPR.2.3. Preparation of activated catalysts
The activated catalysts for characterization were prepared by
exposing the as-prepared catalysts to the activation environment
using the same process described below (Section 2.5). After
exposing the catalysts to the activation environment for 20 h, the
reactor was cooled to room temperature and pressurized to
0.3 MPa. The reactor containing the activated catalysts was
unloaded from the main reactor system using quick connectors
(Swagelok, SS-QC4-D-400 and SS-QC4-B-200 for inlet and
SS-QC6-D-600 and SS-QC6-B-600 for outlet) and transferred to a
glove box in a N2 atmosphere (purity: 99.999%). After carefully
withdrawing the activated catalysts from the reactor, the catalysts
were washed with hexane to remove residual liquid/solid hydro-
carbons from the catalysts. The catalysts were passivated with a
gas mixture of 1% O2 in He at room temperature in a process sim-
ilar to that described previously [17].2.4. Characterization of activated catalysts
The crystal structure of the activated catalysts was character-
ized by XRD and Mössbauer spectroscopy. The carbon content of
the activated catalysts was analyzed by an ASTM E1019 method
with an ELTRA GmbH model ONH2000 [18]. The BET surface area,
the single point pore volume, and the average pore diameter of the
activated catalysts were analyzed by means of N2 physisorption.
The carbonaceous species of the activated catalysts were char-
acterized by temperature-programmed hydrogenation (TPH). The
catalysts (about 50 mg) were loaded into the sample cell and
purged with He at 40 C for 30 min. The TPH was carried out at
up to 900 C in the ﬂow of H2 at a heating rate of 10 C/min, and
the temperature was then held at the maximum temperature for
2 h. The amount of CH4 formation was measured by MS. A mass
signal of 15 (CH3 fragments of CH4) was used instead of 16 to avoid
the potential interference of water vapor and CO2 cracking, as pre-
vious studies suggested [8,19].2.5. Fischer–Tropsch synthesis
The FTS was carried out in a ﬁxed-bed reactor composed of
stainless steel (5 mm i.d. and 180 mm length), in a process similar
to that described previously [20]. The catalysts (0.8 g) were diluted
with glass beads (1.6 g; 425–600 lm) and then charged into the
ﬁxed-bed reactor. The catalysts were activated in situ using syngas
(H2/CO = 1.0) with different amounts of CO2 (0%, 20%, 30%, and
50%) at 280 C and ambient pressure for 20 h. In the activation pro-
cess, we maintained a ﬂow rate of H2 + CO at 2.8 NL/g(cat) h and
increased the ﬂow rate of CO2 for different levels of inlet CO2 con-
tent. After the activation treatment, the FTS was performed at
275 C and 1.5 MPa using CO2-free syngas (H2/CO = 1.0, 2.8 NL/
g(cat) h). The composition of the outlet gases was analyzed using
an online gas chromatograph (GC; Agilent, 3000A Micro-GC)
equipped with a molecular sieve and Plot Q columns. The ﬂow
rates of the outlet gases were measured by a wet-gas ﬂow meter.
The composition of wax and liquid products was analyzed with
an ofﬂine GC (Agilent, 6890N) with a simulated distillation method
(ASTM D2887) [21].
The catalytic performance was evaluated in terms of CO conver-
sion and productivity and selectivity of hydrocarbons. The total CO
conversion (XCO(Total)) was calculated as:
XCOðTotalÞ ð%Þ ¼ FCOðInÞ  FCOðOutÞ
 
=FCOðInÞ  100; ð1Þ
where FCO(In) and FCO(Out) are the inlet ﬂow rate of CO and the outlet
ﬂow rate of CO, respectively. The total CO conversion can be divided
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CO2. The CO conversion to CO2 (XCO to CO2 ) was calculated as:
XCO to CO2 ð%Þ ¼ FCO2ðOutÞ=FCOðInÞ  100; ð2Þ
where FCO2ðOutÞ is the outlet ﬂow rate of CO2. The CO conversion to
hydrocarbons ðXCO to HCÞ was calculated as:
XCO to HC ð%Þ ¼ XCOðTotalÞ  XCO to CO2 : ð3Þ
The productivity of hydrocarbons from carbon number n to car-
bon number n + k (PCnCnþk ) was calculated as:
PCnCnþk ðg=gðcatÞ=hÞ ¼
Xnþk
i¼n
mCi=ðmðcatÞ  DtÞ; ð4Þ
where mCi , m(cat), and Dt are the mass of hydrocarbons with carbon
number i produced during the mass balance period, the mass of cat-
alysts, and the time interval of mass balance period, respectively.
The selectivity of hydrocarbons from carbon number n to carbon
number n + k (SCnCnþk ) was calculated as:
SCnCnþk ðwt%Þ ¼
Xnþk
i¼n
mCi=mHCðTotalÞ  100; ð5Þ
where mHC(Total) is the total mass of hydrocarbons produced during
the mass balance period.
3. Results
3.1. Characterization of as-prepared catalysts
The chemical composition of the as-prepared catalysts analyzed
by XRF was 100Fe/5.26Cu/4.76K/18.2SiO2 in part per weight,
which is similar to the catalyst composition used by Bukur et al.
[22]. The BET surface area, the single point pore volume, and the
average pore diameter of the as-prepared catalysts were 183 m2/
g, 0.458 cm3/g, and 9.98 nm, respectively. The crystal structure of
the as-prepared catalysts was identiﬁed as a combination of hema-
tite (Fe2O3) and ferrihydrite (Fe5O7(OH)4H2O), as characterized by
XRD and Mössbauer spectroscopy. The fraction of hematite and
ferrihydrite analyzed by Mössbauer spectroscopy was 18.4% and
81.6%, respectively (see Supplementary information 1 for details).
The inﬂuence of CO2 on the reduction behavior of the catalysts
in the H2 atmosphere was investigated by H2-TPR, as shown in
Fig. 1. In the absence of CO2, the catalysts showed two distinct100 200 300 400 500 600 700 800
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Fig. 1. The H2-TPR proﬁles of the as-prepared catalysts (a) in the absence of CO2 and
(b) in the presence of CO2.stages of reduction in the H2 atmosphere. The ﬁrst stage of reduc-
tion at 200–350 C mainly indicates the reduction of hematite and
a part of ferrihydrite to magnetite (Fe3O4), and the second stage of
reduction at 350–800 C mainly indicates the reduction of magne-
tite and residual ferrihydrite to metallic iron (see Supplementary
information 2 for details). In the case of H2-TPR with CO2, the H2
was consumed via the reverse water–gas shift (RWGS) reaction
in addition to the reduction of iron oxides:
CO2 þH2 $ COþH2O: ð6Þ
Therefore, the H2 consumption for the reduction of catalysts
(CH2-Red:ðTPRÞ) was calculated as:
CH2-Red:ðTPRÞ ¼ CH2-TotalðTPRÞ  CCO2ðTPRÞ; ð7Þ
where CH2-TotalðTPRÞ and CCO2ðTPRÞ are the total H2 consumption and the
total CO2 consumption, respectively. The signal of CO was also
detected by MS. The total CO production was almost identical to
the total CO2 consumption, which conﬁrms the occurrence of RWGS
(Eq. (6)) during the H2-TPR with CO2 (see Supplementary informa-
tion 3 for details). As shown in Fig. 1b, the ﬁrst stage of reduction
showed no considerable difference with and without the presence
of CO2. In contrast, the second stage of reduction nearly disappeared
in the presence of CO2 compared to the case in the absence of CO2,
which means that the reduction of magnetite and ferrihydrite to
metallic iron in the H2 atmosphere was signiﬁcantly suppressed
by the CO2. The suppression in the second stage of reduction by
CO2 can be attributed to the preferential consumption of H2 via
RWGS over the magnetite surface. As reported previously [23],
magnetite is a well-known active phase for (R)WGS in the temper-
ature range of 310–450 C.
The reduction and carburization behavior in the CO atmosphere
either with or without CO2 was analyzed by CO-TPR, as shown in
Fig. 2. In the absence of CO2, two major peaks were observed in
the CO-TPR proﬁles: one is a small and sharp peak at about
212 C and the other is a large and broad peak at about 349 C.
The ﬁrst peak indicates the reduction of hematite and a part of
ferrihydrite to magnetite, and the second peak indicates the carbu-
rization of magnetite and residual ferrihydrite to iron carbides (see
Supplementary information 4 for details). Similar to the results of
H2-TPR, the ﬁrst peak of the CO-TPR was barely affected by the CO2,
but the second peak considerably shrank when the CO-TPR was
performed in the presence of CO2. This implies that the CO2100 200 300 400 500 600 700 800
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Fig. 2. The CO-TPR proﬁles of the as-prepared catalysts (a) in the absence of CO2
and (b) in the presence of CO2.
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inﬂuencing the reduction of hematite to magnetite.
The in situ activation behavior in the syngas atmosphere with
different amounts of CO2 was investigated by measuring the ﬂow
rates and composition of the outlet gases during the activation
pre-treatment. Fig. 3 shows the syngas consumption for the
activation of catalysts as a function of activation time. The syngas
consumption for the activation of catalysts (CSyngas-Acti.) was calcu-
lated as:
CSyngas-Acti: ¼ CH2-Total þ CCO-Total  CH2-FTS þ CCO-FTS
 
; ð8Þ
where CH2-Total and CCO-Total are the total H2 consumption and the
total CO consumption, respectively, and CH2-FTS and CCO-FTS are the
H2 consumption via the FTS and the CO consumption via the FTS,
respectively (see Supplementary information 5 for details). The
lower value of CSyngas-Acti. was observed at the higher inlet CO2 con-
tent during activation, which implies that the iron-based catalysts
can be mildly reduced and carburized in the syngas atmosphere
with CO2, compared to the case without CO2. This well corresponds
to the results of H2-TPR and CO-TPR (Figs. 1 and 2).
3.2. Characterization of activated catalysts
Fig. 4 shows the XRD patterns of the activated catalysts. The
crystal structure of the activated catalysts can be identiﬁed as a
combination of ferrihydrite, magnetite, v-carbide (Fe2.5C), and
e0-carbide (Fe2.2C). This implies that hematite and a part of ferrihy-
drite in the as-prepared catalysts are reduced and carburized into
magnetite and iron carbides during the activation pre-treatment.
The catalysts had similar XRD patterns in terms of phase constitu-
tion regardless of the CO2 content during activation; however, they
displayed considerable difference in terms of the relative intensity
of each phase depending on the CO2 content during activation.
Stronger peaks of ferrihydrite and magnetite and weaker peaks
of iron carbides were observed at the higher CO2 content during
activation.
Detailed quantitative analyses on the phase structure were per-
formed by Mössbauer spectroscopy, as shown in Fig. 5. The
Mössbauer spectra at 268.8 C were ﬁtted with six sextets for
all samples, which reﬂects e0-carbide, v-carbide, magnetite, and
ferrihydrite with different hyperﬁne parameters. The results of
deconvolution are summarized in Table 1. In the 0CO2, the content
of iron carbides was about 49%, which means that about 49% of
iron atoms in hematite and ferrihydrite in the as-prepared
catalysts was reduced and carburized to v-carbide and e0-carbide
after the activation pre-treatment. The content of iron carbides0 4 8 12 16 20
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Fig. 3. The syngas consumption for the activation of catalysts during the activation
pre-treatment using syngas with different amounts of CO2 as a function of
activation time.
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Fig. 5. The Mössbauer spectra of the catalysts activated by syngas with different
amounts of CO2: (a) 0% CO2, (b) 20% CO2, (c) 33% CO2, and (d) 50% CO2.decreased with an increased CO2 content during activation, and
the content of magnetite and ferrihydrite showed an opposite
tendency, which conﬁrms the XRD results in Fig. 4. This also well
corresponds to the TPR results (Figs. 1 and 2) which show mild
reduction and carburization of the catalysts when the TPR was car-
ried out in the presence of CO2. The evidence of hematite was
detected in neither the XRD patterns nor the Mössbauer spectra
while a considerable amount of ferrihydrite was observed, which
suggests that the hematite is more reducible than the ferrihydrite.
The total carbon content of the activated catalysts analyzed by
ASTM E1019 is summarized in Table 2. The carbon content showed
Table 1
The magnetic hyperﬁne ﬁeld (Hhf), isomer shift (d), quadruple splitting (EQ), and
fractional areas of each deconvoluted Mössbauer spectrum for the catalysts activated
by syngas with different amounts of CO2.
Sample
name
Site
e0-
Carbide
v-Carbide Magnetite Ferrihydrite
8f 8f 4e
0CO2
Hhf (kOe) 185.7 258.4 211.6 112.2 510.6 475.7
d (mm/s) 0.23 0.29 0.24 0.12 0.39 0.32
EQ (mm/s) 0.04 0.08 0.02 0.02 0.02 0.00
Area (%) 6.31 16.6 16.6 9.03 11.4 40.0
20CO2
Hhf (kOe) 187.8 257.1 208.7 103.2 510.1 485.4
d (mm/s) 0.26 0.31 0.20 0.16 0.38 0.31
EQ (mm/s) 0.04 0.06 0.01 0.05 0.02 0.01
Area (%) 9.04 9.83 10.1 5.03 17.3 48.7
33CO2
Hhf (kOe) 188.0 265.9 213.3 100.6 510.1 475.6
d (mm/s) 0.26 0.31 0.21 0.17 0.38 0.32
EQ (mm/s) 0.04 0.06 0.01 0.04 0.02 0.01
Area (%) 13.1 6.02 5.94 2.99 22.9 49.1
50CO2
Hhf (kOe) 189.6 262.4 210.5 103.8 508.8 478.8
d (mm/s) 0.26 0.30 0.21 0.16 0.39 0.32
EQ (mm/s) 0.03 0.06 0.02 0.03 0.02 0.01
Area (%) 8.28 2.59 2.59 1.68 28.1 56.8
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Fig. 6. The TPH spectra of the catalysts activated by syngas with different amounts
of CO2: (a) 0% CO2, (b) 20% CO2, (c) 33% CO2, and (d) 50% CO2.
Table 3
The peak temperatures and corresponding fractional areas of each deconvoluted TPH
spectrum for the catalysts activated by syngas with different amounts of CO2.
Sample name Surface carbons Iron carbides Bulk carbons
e0-Carbide v-Carbide
0CO2
Peak (C) 400 488 636 709 839
Area (%) 7.77 6.32 19.6 48.0 18.3
20CO2
Peak (C) 379 496 611 720 825
Area (%) 21.5 15.3 37.3 17.6 8.24
33CO2
Peak (C) 385 497 613 707 798
Area (%) 33.4 18.2 26.8 12.2 9.43
50CO2
Peak (C) 403 527 618 720 824
Area (%) 40.1 21.1 16.0 15.4 7.32
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indicating that the formation of carbonaceous species was
signiﬁcantly suppressed by the CO2 during activation. This well
corresponds to the result of CO-TPR (Fig. 2), which shows a consid-
erable shrinkage of the second peak when the CO-TPR was
performed in the presence of CO2. Detailed analyses on the carbo-
naceous species were performed by TPH, as shown in Fig. 6. The
smaller TPH proﬁles were observed at the higher CO2 content dur-
ing activation, which indicates that a smaller amount of carbona-
ceous species formed on the catalysts with an increased CO2
content during activation. This is consistent with the result of
ASTM E1019 in Table 2. The suppressed formation of carbon or car-
bonaceous species may be attributed to the decreased carbon
chemical potential induced by the presence of CO2 (see Section 4
for details). The TPH proﬁles can be deconvoluted by ﬁve peaks:
(i) reactive surface carbons below 450 C, (ii) e0-carbide at 480–
530 C, (iii) v-carbide at 600–650 C, and (iv and v) inactive bulk
carbons above 690 C [19]. The peak temperatures and correspond-
ing fractional areas are summarized in Table 3. In the case of 0CO2,
the fraction of bulk carbons was about 66%, which indicates that
the activation using CO2-free syngas involves the considerable for-
mation of inactive bulk carbons in addition to the formation of
active iron carbides. In contrast, in the 20–50CO2, surface carbons,
e0-carbide, and v-carbide were observed as major carbonaceous
species: the fraction of surface carbons, e0-carbide, and v-carbide
was higher than 70% in total. This suggests that the activation
using CO2-containing syngas is beneﬁcial to selective formation
of active species for the iron-based FTS catalysts.Table 2
The total carbon content and textural properties of the catalysts activated by syngas with
Sample name CO2 content during activation (%) Total carbon content (wt%)
0CO2 0 12.1
20CO2 20 4.94
33CO2 33 3.98
50CO2 50 2.92
As-prepared –The textural properties of the activated catalysts analyzed by N2
physisorption are summarized in Table 2. For an easy comparison,
the textural properties of the as-prepared catalysts are also
inserted into Table 2. All the activated catalysts had a lower BET
surface area and smaller pore volume than the as-prepared
catalysts, which indicate that the initial pore structures of the as-
prepared catalysts are inevitably degraded during the activationdifferent amounts of CO2.
Textural properties
BET surface area (m2/g) Pore volume (cm3/g) Average pore size (nm)
88.9 0.302 13.6
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Fig. 8. The productivity of hydrocarbons during 66–114 h of reaction in the
Fischer–Tropsch synthesis as a function of inlet CO2 content during activation: CH4,
C2–C4, C5+, and C19+.
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vated using CO2-containing syngas (20–50CO2) had a higher BET
surface area and larger pore volume than the catalysts activated
using CO2-free syngas (0CO2). As revealed in the results of XRD
and Mössbauer spectroscopy, the mild reduction and carburization
of the catalysts in the CO2-containing syngas may reduce the deg-
radation of pore structures during the activation pre-treatment.
3.3. Catalyst performance
The inﬂuence of the activation using CO2-containing syngas on
the catalytic performance was evaluated in the FTS condition at
275 C. In addition to the unreacted CO and H2, gaseous hydrocar-
bons (CH4 and C2–C4) and CO2 were detected in the outlet gases.
Liquid hydrocarbons and H2O were obtained in the cold trap
(1 C), and solid hydrocarbons were obtained in the hot trap
(240 C). This indicates that the formation of CO2 via WGS (reverse
of Eq. (6)) accompanies the formation of hydrocarbons via the FTS:
nCOþ ð2nþ 1ÞH2 $ CnH2nþ2 þ nH2O ðnP 1Þ; ð9Þ
nCOþ 2nH2 $ CnH2n þ nH2O ðnP 2Þ: ð10Þ
The CO and H2 conversion showed a slight increasing trend with
an increased reaction time. We assumed that the overall catalytic
performance during 66–114 h of reaction is representative of the
performance of the catalysts activated by syngas with different
amounts of CO2 (see Supplementary information 6 for details).
Fig. 7 shows the overall CO conversion during 66–114 h of reaction
as a function of inlet CO2 content during activation. The total CO
conversion (XCO(Total)) gradually decreased as the inlet CO2 content
during activation increased. The XCO(Total) can be divided into the
CO conversion to hydrocarbons (XCO to HC) and the CO conversion
to CO2 (XCO to CO2 ). The XCO to HC and the XCO to CO2 reﬂect the rate of
hydrocarbon formation and the rate of CO2 formation, respectively.
The XCO to HC decreased with increased inlet CO2 content during
activation. This is attributed to the suppressed production of unde-
sired products, CH4 and C2–C4 hydrocarbons, as described below
(Fig. 8). The XCO to CO2 also decreased with an increased CO2 content
during activation, which is considered to result from the decreased
XCO to HC. Since the formation of CO2 via WGS (reverse of Eq. (6))
occurs as a secondary reaction of FTS (Eqs. (9) and (10)), the
decreased formation of H2O via the FTS (Eqs. (9) and (10)) may
decrease the formation of CO2 via WGS (reverse of Eq. (6)).
Fig. 8 shows the productivity of hydrocarbons during 66–114 h
of reaction as a function of inlet CO2 content during activation. The
productivity of hydrocarbons can be used as a critical performance0 10 20 30 40 50
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Fig. 7. The overall CO conversion during 66–114 h of reaction in the Fischer–
Tropsch synthesis as a function of inlet CO2 content during activation: the total CO
conversion, the CO conversion to hydrocarbons, and the CO conversion to CO2.index of the FTS catalysts, which directly shows a combined value
for the catalytic activity and selectivity. While the productivity of
undesired products, CH4 and C2–C4 hydrocarbons, signiﬁcantly
decreased with an increased inlet CO2 content during activation,
the productivity of valuable products, C5+ hydrocarbons, showed
an even or slight increasing trend. In particular, the productivity
of C19+ hydrocarbons showed a dramatic increase as the inlet CO2
content during activation increased: the productivity of C19+
hydrocarbons at 50% CO2 (0.160 g/g(cat) h) was about twice as high
as the value at 0% CO2 (0.0797 g/g(cat) h). However, when the inlet
CO2 content during activation was higher than 50%, the productiv-
ity of C5+ and C19+ hydrocarbons showed no further enhancement
with an increased inlet CO2 content during activation: the produc-
tivity of C5+ and the productivity of C19+ hydrocarbons at 67% CO2
were 0.266 g/g(cat) h and 0.128 g/g(cat) h, respectively.
The effects of the activation using CO2-containing syngas on the
hydrocarbon selectivity are shown in Fig. 9. As shown in Fig. 9a,
there was a considerable decrease in the selectivity of CH4 and
C2–C4 hydrocarbons as the inlet CO2 content during activation
increased. In other words, the selectivity of C5+ hydrocarbons
remarkably increased with an increased inlet CO2 content during
activation. This suggests that the chain growth occurs more
favorably over the catalysts activated by CO2-containing syngas
than by the case using CO2-free syngas. In addition, the selectivity
of 1-oleﬁns in C2–C4 hydrocarbons showed a gradual increase with
an increased inlet CO2 content during activation, which indicates
that the chain termination as parafﬁn by secondary hydrogenation
was relatively suppressed. The carbon number distribution of C5+
hydrocarbons is also displayed in Fig. 9b. The carbon number
distribution of C5+ hydrocarbons well corresponded to the Ander-
son–Schulz–Flory (ASF) distribution [4,24]:
logðWn=nÞ ¼ loga  nþ logðln2aÞ; ð11Þ
where Wn is the weight fraction of hydrocarbons with carbon num-
ber n, and a is the chain growth probability of the hydrocarbons. Two
values of a (a1 from C7 to C16 and a2 from C16 to C44) can be obtained
from two linear regressions, which has been reported as typical
behavior of iron-based catalysts promoted by alkali metals [24,25].
Both a1 and a2 values showed a signiﬁcant increase with an
increased inlet CO2 content during activation, which conﬁrms the
favorable chain growth of hydrocarbonmonomers over the catalysts
activated by CO2-containing syngas. Therefore, the activation of
iron-based FTS catalysts using CO2-containing syngas is considered
highly beneﬁcial to selective production of C5+ hydrocarbons, in
particular C19+ hydrocarbons, in the low-temperature FTS process,
without sacriﬁcing the overall productivity of C5+ hydrocarbons.
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Fig. 9. (a) The hydrocarbon distribution (CH4, C2–C4, and C5+) and the 1-oleﬁn
selectivity in C2–C4 hydrocarbons during 66–114 h of reaction in the Fischer–
Tropsch synthesis as a function of inlet CO2 content during activation. (b) The
carbon number distribution of C5+ hydrocarbons and chain growth probability (a1
from C7 to C16 and a2 from C16 to C44) per each inlet CO2 content during activation.
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than 50%, the selectivity of C5+ hydrocarbons experienced no further
improvement with an increased inlet CO2 content during activation:
the selectivity of C5+ hydrocarbons at 67% CO2 was 77.2 wt%. This
suggests that the beneﬁcial effects of the activation using CO2-
containing syngas on the selectivity are signiﬁcant below 50% CO2.0 10 20 30 40 50
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Fig. 10. The phase conversion of hematite to magnetite (‘hm to mg’), ferrihydrite to
magnetite (‘fh to mg’), and magnetite to v-carbide and e0-carbide (‘mg to v + e0 ’)
and the ratio of e0-carbide to v-carbide (e0/v) after the activation pre-treatment as a
function of the inlet CO2 content during activation.4. Discussion
In this study, we found that the iron-based catalysts prepared in
this study are composed of hematite and ferrihydrite in the as-
prepared state, which are considered inactive for the FTS. The fer-
rihydrite is known to be a metastable phase at 400 C; namely, it is
easily decomposed to the hematite by thermal treatment at 400 C
[26–28]. Therefore, the existence of ferrihydrite in the as-prepared
catalysts, which were calcined at 400 C, is quite abnormal. In our
previous study [20], we reported the existence of ferrihydrite in
the as-prepared catalysts as a characteristic feature of SiO2 incor-
porated iron-based catalysts: the XRD patterns of the catalysts
without SiO2 were closely matched to those of hematite. The
ferrihydrite phase, which formed in the precipitation process, is
supposed to be stabilized in the presence of SiO2, as other studies
have also reported [26–28]. In other words, the ferrihydrite
observed in the as-prepared catalysts has a high probability to pos-
sess strong interaction with SiO2.
During the activation pre-treatment using syngas, the hematite
and ferrihydrite were reduced to magnetite and, subsequently, the
magnetite was reduced and carburized tov-carbide and e0-carbide,
active phases for the FTS. We revealed that the addition of CO2signiﬁcantly inﬂuences the reduction and carburization behavior
of the as-prepared iron-based catalysts. Fig. 10 shows the phase
conversion as a function of inlet CO2 content during activation,
which is calculated from the results of Mössbauer analyses in
Fig. 5 and Table 1. In this graph, we assumed three kinds of major
phase conversion: (i) hematite to magnetite (‘hm to mg’), (ii) fer-
rihydrite to magnetite (‘fh to mg’), and (iii) magnetite to v-carbide
and e0-carbide (‘mg to v + e0’). The phase conversion was calculated
by the following equations:
‘hm to mg’ conversion ð%Þ ¼ hmðAPÞ  hmðAÞ
 
=hmðAPÞ
 100; ð12Þ
‘fh to mg’ conversion ð%Þ ¼ fhðAPÞ  fhðAÞ
 
=fhðAPÞ  100; ð13Þ
‘mg tovþe0’ conversion ð%Þ¼ vðAÞ þe0ðAÞ
 
= vðAÞ þe0ðAÞ þmgðAÞ
 
100; ð14Þ
where hm(AP) and fh(AP) are respectively the content of hematite and
ferrihydrite in the as-prepared catalysts, and hm(A), fh(A), mg(A), v(A),
and e0(A) are respectively the content of hematite, ferrihydrite, mag-
netite, v-carbide, and e0-carbide in the activated catalysts.
While the ‘hm to mg’ conversion was 100% regardless of the
inlet CO2 content during activation, the ‘fh to mg’ conversion
showed a gradual decrease with increased CO2 during activation.
The ‘fh to mg’ conversion was signiﬁcantly lower than the ‘hm to
mg’ conversion through all the conditions, which implies that the
ferrihydrite is less reducible than the hematite. We attribute the
difference in the reducibility to the difference in the interaction
with SiO2. As described above, the strong interaction between
SiO2 and ferrihydrite may suppress the reduction of ferrihydrite
to magnetite during the activation process. Furthermore, the dif-
ference in the reducibility between hematite and ferrihydrite is
considered to result in the difference in the dependence of reduc-
tion behavior on the inlet CO2 content during activation. Once the
hematite is preferentially reduced to magnetite in a syngas atmo-
sphere with CO2, the RWGS reaction (Eq. (6)) can occur over the
magnetite surface, which leads to the competitive H2 consumption
between RWGS and reduction of ferrihydrite to magnetite. More-
over, the competitive H2 consumption has no choice but to be
equilibrated to the direction favorable for RWGS because more
active sites for RWGS are generated as the reduction of ferrihydrite
to magnetite proceeds. As a result, the reduction of ferrihydrite to
magnetite was considerably suppressed by the CO2.
In addition to the reduction behavior of hematite and ferrihy-
drite, the presence of CO2 has a strong inﬂuence on the carburiza-
tion behavior of magnetite. The ‘mg to v + e0’ conversion was about
142 D.H. Chun et al. / Journal of Catalysis 317 (2014) 135–14380% in the absence of CO2, which indicates that the magnetite was
readily transformed to iron carbides in CO2-free syngas once the
hematite and ferrihydrite were reduced to magnetite. The ‘mg to
v + e0’ conversion showed a considerable decrease with an
increased inlet CO2 content during activation, which means that
the CO2 restrains the carburization of magnetite to iron carbides.
This well corresponds to the previous study by de Smit et al.
[29], where the carburization behavior of iron-based catalysts
was interpreted to be a function of carbon chemical potential
(lC). In an atmosphere containing CO and CO2, the lC is calculated
as:
lC ¼ lCO  lCO2 ; ð15Þ
where lCO and lCO2 are the CO chemical potential and the CO2
chemical potential, respectively. As described in Eq. (15), the pres-
ence of CO2 can decrease the lC, resulting in the suppressed carbu-
rization of magnetite to iron carbides. This is consistent with the
results of CO-TPR in Fig. 2, which shows considerable shrinkage of
the second peak, which is indicative of carburization of magnetite
in the presence of CO2. The ratio of e0-carbide to v-carbide (e0/v)
is also displayed in Fig. 10. The e0/v ratio showed a considerable
increase from 0.15 to 1.2 as the inlet CO2 content during activation
increased from 0% to 50%. de Smit et al. [29] reported that the type
of major iron carbides is strongly dependent on the temperature
and lC. The lower temperature and the higher lC favor the forma-
tion of carbon-rich iron carbides: h-carbide (Fe3C)? Fe7C3?
v-carbide? e0-carbide or e-carbide (Fe2C). In this study, we found
that the activation using CO2-containing syngas facilitates the for-
mation of e0-carbide. This is quite anomalous in terms of lC since
the presence of CO2 decreases lC. Therefore, it is worth considering
the temperature effect even though the activation pre-treatment
was carried out at the same temperature for the entire condition.
Considering that the RWGS reaction is highly endothermic, the
occurrence of RWGS in the syngas atmosphere with CO2 may shift
the phase equilibrium between e0-carbide and v-carbide to the
lower temperature region favorable to the formation of e0-carbide.
In general, there are two major approaches to improving cata-
lyst performance: one is to increase the effective performance of
active sites, and the other is to increase the number of active sites.
The results obtained in this study propose the ﬁrst approach to
improve the performance of iron-based catalysts for the FTS.
Fig. 11 shows the productivity of hydrocarbons per unit mass of
iron carbides during 66–114 h of reaction as a function of the inlet
CO2 content during activation, which is calculated from the results0 10 20 30 40 50
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Fig. 11. The productivity of hydrocarbons per unit mass of iron carbides during 66–
114 h of reaction in the Fischer–Tropsch synthesis as a function of the inlet CO2
content during activation: CH4, C2–C4, and C5+.of XRF, Mössbauer analyses (Fig. 5 and Table 1), and catalytic
performance (Fig. 8). Interestingly, the activation using CO2-
containing syngas selectively increased the productivity of C5+
hydrocarbons per the unit mass of iron carbides. This suggests that
the intrinsic performance of e0-carbide is much higher than that of
v-carbide, which well corresponds to the previous works by Pour
et al. [30] and Mogorosi et al. [31]. They reported that carbon-rich
iron carbides (e0-carbide or e-carbide) exhibited a much higher
performance for the FTS than carbon-lean iron carbides (v-carbide
or h-carbide) [30,31]. Pour et al. [30] suggested that the order of
Fe–C bond strength is e0-carbide < v-carbide < h-carbide. Thus,
the surface carbons on the e0-carbide are presumably more easily
hydrogenated to form hydrocarbon monomers in the FTS than
those on the v-carbide and h-carbide. As a result, the e0-carbide
may show higher catalytic activity for the FTS than the v-carbide.
Furthermore, as revealed in the results of TPH (Fig. 6 and Table 3),
suppressed formation of inactive bulk carbons with increased CO2
content during activation may contribute the enhanced efﬁciency
of active iron carbides. The formation of inactive bulk carbons is
normally known to be detrimental to the catalyst performance
because the bulk carbon may block the active sites [32–34].5. Conclusion
This study reports the effects of CO2 on the reduction and carbu-
rization behavior of iron-based catalysts for Fischer–Tropsch syn-
thesis (FTS) during the activation process and the highly selective
iron-based FTS catalysts activated by CO2-containing syngas. Our
main results are summarized as follows:
(1) The presence of CO2 in the syngas (H2 + CO) atmosphere
resulted in a mild reduction and carburization of the as-pre-
pared iron-based catalysts composed of hematite (Fe2O3)
and ferrihydrite (Fe5O7(OH)4H2O) to magnetite (Fe3O4)
and iron carbides. We attribute the mild reduction and car-
burization to the occurrence of a reverse water–gas shift
(RWGS) reaction and a decreased carbon chemical potential
(lC): the occurrence of RWGS may lead to the competitive
H2 consumption between RWGS and reduction of ferrihy-
drite to magnetite, and the decreased lC may decrease the
driving force for carbon penetration to iron to form iron
carbides.
(2) Four kinds of carbonaceous species were observed in the
activated catalysts: surface carbons, e0-carbide (Fe2.2C),
v-carbide (Fe2.5C), and inactive bulk carbons. The activation
using CO2-containing syngas was beneﬁcial to the selective
formation of active species for the FTS, such as surface
carbons and iron carbides: the formation of inactive bulk
carbons was signiﬁcantly depressed with increased inlet
CO2 content during activation. Between the iron carbides,
the activation using CO2-containing syngas favored the for-
mation of e0-carbide.
(3) The activation using CO2-containing syngas was advanta-
geous to the selective production of valuable products, C5+
hydrocarbons. While the productivity of undesired products,
CH4 and C2–C4 hydrocarbons, signiﬁcantly decreased with
increased inlet CO2 content during activation, the productiv-
ity of C5+ hydrocarbons showed an even or slight increasing
trend. In particular, the productivity of C19+ hydrocarbons,
the target products of low-temperature FTS (6280 C),
exhibited a dramatic increase with an increased CO2 content
during activation. The advantageous performance of the
catalysts activated by CO2-containing syngas can be attrib-
uted to the improvement in the effective performance of
active iron carbides, potentially induced by the facilitated
D.H. Chun et al. / Journal of Catalysis 317 (2014) 135–143 143formation of e0-carbide and the suppressed formation of
inactive bulk carbons.
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